We report the integration of a complex biological system and a nanoelectronic device, demonstrating that both components retain their functionality while interacting with each other. As the biological system, we use the cell membrane of Halobacterium salinarum. As the nanoelectronic device, we use a nanotube network transistor, which incorporates many individual nanotubes in such a way that entire patches of cell membrane are contacted by nanotubes. We demonstrate that the biophysical properties of the membrane are preserved, that the nanoelectronic devices still function as transistors, and that the two systems interact. Further, we use the interaction to study the charge distribution in the biological system, finding that the electric dipole of the membrane protein bacteriorhodopsin is located 2/3 of the way from the extracellular to the cytoplasmic side.
Nanobioelectronics, the integration of biological processes and molecules with nanoscale fabricated structures, offers the potential for electronic control and sensing of biological systems. 1 As a specific example, carbon nanotubes have been suggested for use as prosthetic nervous implants in organs such as eyes and ears. 2 To achieve this goal requires the parallel preparation 3 of fully functional biological systems and nanoelectronic systems that are integrated together. One major obstacle is the preservation of functionality in both systems. For example, while biological systems ranging from lipids 7 to living cells 2 have been assembled on nanotube substrates, the nanotubes have served only as mechanical supports, without electronic functionality. A second major obstacle is the difference in scale between nanostructures and biological systems. While nanotubes are comparable in size to individual proteins, they are much smaller than cells. Thus, nanotube electronic devices have been used as singlemolecule sensors 5a,7a rather than to communicate with complex biological systems. Here, we achieve integration between a functioning nanotube transistor and a cell membrane. We use nanotube networks, a recently developed class of nanotube devices, to bridge the gap in size between nanotechnology and biotechnology. To demonstrate the power of the approach, we use the nanobioelectronic devices to extract information about the charge distribution in the particular membrane used, thereby contributing to the resolution of a long-standing question about charge distributions within that membrane. 6 The structure of the devices is illustrated in Figure 1 . Patches of cell membrane covered a dense network of individual carbon nanotubes ( Figure 1A ) contacted by metal electrodes, 8 referred to as a nanotube network field-effect transistor (NTN-FET). This configuration has several significant features. First, the cell membrane is in direct contact with the semiconducting channel of the transistor. This is distinct from previous work, in which cell membranes have contacted the gate electrodes of transistors. 9 In this configuration, transistors detect the electrical potential across membranes; in contrast, our devices detect local electrostatic charges on the biomolecules. This is possible because the nanotubes are robust, air-stable semiconductors that can be exposed to cell membranes. Second, the use of a large number of nanotubes ensures that entire patches of membrane are in contact with nanotubes. Thus, the size scale of nanotechnology, which enables the semiconductor integration, is interfaced with the larger size scale of biology. Note that the preservation of transistor operation in a device with many nanotubes requires careful control of the growth parameters (as described in ref 8) , because metallic nanotubes will otherwise shunt much of the transistor current.
As the cell membrane, we chose purple membrane (PM) from Halobacterium salinarum, 10 which has been widely studied. PM contains the light-sensitive membrane protein bacteriorhodopsin, which serves as a photochemical proton pump and has been used to fabricate phototransistors. 9 In addition, rhodopsin has a permanent electric dipole moment, a charge distribution that produces an electric field pointing from the extracellular side of the membrane toward the cytoplasmic side. 9 These properties make PM an ideal prototype membrane for nanobioelectronic integration. In particular, we use the dipole as an indicator that the integration preserves the biomaterial while bringing it into contact with the nanoelectronic devices.
PM isolated from Halobacterium salinarum 12 was deposited on previously fabricated NTN-FETs (see Supporting Information). To observe the effect of the electric dipoles fixed in the PM, devices were prepared in three conditions, as shown in Figure 1B : with the cytoplasmic side of the PM facing the nanotubes, 13 with the extracellular side facing the nanotubes, 13 and with a mixture of both orientations. 14 The films were measured by AFM to be 5 nm thick, which corresponds to monolayers of PM. 9 Before and after deposition of PM, the NTN-FET transfer characteristics (conductance versus gate voltage) were measured. To describe our observations of the devices, we begin with the transfer characteristics before the deposition of PM ( Figure 2A ). The devices operated as p-type transistors, 15 conducting well at negative gate voltages and not conducting at positive gate voltages. In the region of zero gate voltage, the devices turned on sharply as the gate voltage was changed; this sharp turn-on, or high transconductance, has been attributed to the high mobility of charge carriers in carbon nanotubes. 16 The sharp turn-on begins at a specific gate voltage, referred to as a threshold voltage. However, the devices showed significant hysteresis, in that different threshold voltages were measured using left-moving and right-moving sweeps of the gate voltage. The intrinsic threshold voltage is taken to be the average between the leftmoving and right-moving threshold voltages.
Next, we describe the transfer characteristics after the deposition of mixed-orientation PM, in comparison to those before deposition. Figure 2A highlights three main device parameters before and after deposition for a typical device. The changes described here were observed repeatedly in several devices prepared in the same way. First, the hysteresis loops narrowed significantly, as indicated by the arrows. In this case, the width decreased from 3.5 to 0.8 V. Second, the threshold voltage changed by +1.0 ( 0.2 V, as indicated by the arrows on the x-axis. Finally, the transconductance decreased by about 20%. As discussed below, these changes show that the PM has been successfully integrated with the NTN-FETs.
Finally, we compare the effects of oriented PM deposition. In both orientations ( Figures 2B, 2C ) the membrane deposition caused a narrowing of the hysteresis loops similar to that caused by the mixed-orientation deposition. For the cytoplasmic orientation, the hysteresis width decreased from 1.2 to 0.8 V; for the extracellular orientation, the hysteresis width decreased from 1.3 to 0.9 V. At the same time, the threshold voltages shifted, in opposite directions according to the orientation of the membrane. For the cytoplasmic orientation ( Figure 3A ) the threshold voltage shifted by +2.2 ( 0.2 V; for the extracellular orientation ( Figure 3B ) the shift was -0.4 ( 0.2 V. Finally, the transconductance did not change, although the maximum conductance changed in accordance with the shifts in the threshold voltage.
We will analyze these observations in the light of what is already known about nanotube transistors. First, we discuss the transconductance. This quantity is associated with the A silicon chip with a thin oxide coating is placed on top of the sample chip, leaving a few microns of liquid between them. Three deposition conditions were used. At the top, called mixed-orientation, the top chip has zero electrical potential, so that the rhodopsin dipoles point up and down with equal frequency. As a result, the PM contacts the nanotubes with both sides, and the net dipole moment, P, is zero. Middle, cytoplasmic orientation, 26 with -3 V on the top chip, so that the net dipole moment is upward. Bottom, extracellular orientation, with +3 V on the top chip, so that the net dipole moment is downward. (C) Atomic force microscopy topograph of a completed nanobioelectronic device with mixed-orientation PM coating a nanotube network. PM is visible as irregular patches, one of which is outlined. The white line indicates the contour selected for a line section of the image, shown in the inset. As shown in the inset, the PM patch is, within 30%, 5 nm high.
capacitance between the nanotube network, which forms the channel of the NTN-FET, and the gate; and with the mobility of carriers within the nanotube network. 16 The capacitance is unlikely to change as a result of membrane deposition, and this notion is confirmed by the fact that the transconductance is not changed by oriented membrane deposition. In the case of mixed-oriented membrane deposition, the alternation of positive and negative electric dipoles on a length scale of about 500 nm (the diameter of a typical patch of PM) should act as a significant random scattering potential, which decreases the carrier mobility in the network. 18 Thus, the decrease in transconductance in Figure  2A only is a direct result of the mixture of orientations.
Second, the hysteresis decreased dramatically in all cases as a result of the biological coating. The hysteresis is known to result from adsorbed water on the substrate; 17 in addition, coatings that displace water from the nanotubes reduce the hysteresis. 17 Consequently, we expect a decrease in hysteresis here as well, presuming that the PM remains intact as a layer contacting the nanotubes. Moreover, the width of the remaining hysteresis is similar for all three conditions, which suggests that the amount of PM coverage is similar. This conclusion was confirmed in randomly selected spots that were imaged by AFM.
Third, the shift of the threshold voltage in the devices results from the electrostatic field associated with the bacteriorhodopsin electric dipole. This field induces charge in the nanotubes, thus shifting the Fermi level. 19 The position of the Fermi level is measured by the threshold voltage, and an extensive literature has established the relationship between the threshold voltage in various device configurations and the quantity of charge induced in the nanotubes. [20] [21] [22] In our case, with a typical nanotube diameter of 2 nm, every 1 µm of nanotube length has a capacitance to the gate, C bg , of 15 aF. 20 The induced charge, ∆Q, is given by ∆Q ) C bg ∆V, where ∆V is the threshold shift. Thus, the +1.1 V shift caused by mixed-orientation PM deposition corresponds to an induced charge of 16 aC/µm of nanotube length.
Thus, by studying these three device parameters, we conclude the nanobioelectronics integration is successful. First, the NTN-FET transistor functionality is preserved. Second, the PM remains intact as a layer, and the bacteriorhodopsin membrane proteins retain their electric dipoles. Third, the deposited PM has been demonstrated to contact the NTN-FETs directly and to interact with their electrical properties.
Next, we will examine the interaction more closely. In particular, we observe a significant asymmetry between cytoplasmic and extracellular orientations. This asymmetry is reflected in the large amount of charge induced in mixedorientation devices, since without an asymmetry the charge induced by equal amounts of cytoplasmic-and extracellularoriented PM should cancel. 23 Such an asymmetry is known to exist, in that the dipole is closer to one side of the PM than the other. 24 Here we are able to observe this asymmetry directly because of the device configuration in which the PM contacts the nanotubes directly.
Furthermore, we will now quantify the asymmetry, by modeling the electrostatic effect of the bacteriorhodopsin dipole on the nanotubes. 25 The dipole is still not well understood, but it is known to result from the competition between several charge distributions 6 that result in a net dipole moment of 3.3 × 10 -28 C‚m per rhodopsin monomer. 11 To calculate the effect of this dipole on the nanotubes, we use a simple electrostatic model in which the rhodopsin molecules above a nanotube ( Figure 3A ) form a line of constant dipole density (see Supporting Information). In our model, the line of dipoles with a density π induces a charge density, λ, given by λ ) -rπ/d 2 ( Figure 3B) . Thus, by combining the known dipole moment of bacteriorhodopsin with the induced charge (measured from the threshold voltage shift and the known capacitance), we calculate how far the dipoles lie from the nanotubes. The answer will be different for the two different orientations, reflecting the position of the dipoles closer to one side of the PM. For the cytoplasmic orientation, with ∆V cp ) + 2.2 V, we calculate d cp ) 1.9 nm. For the extracellular orientation, with ∆V ec ) -0.4 V, we have d ec ) 4.4 nm. Since the sum of these distances, 6.3 nm, is comparable to the membrane bilayer thickness of 5 nm (ref 9), we conclude that this simple model is reasonable. Note, in particular, that since the ratio between ∆V cp and ∆V ec is 5.5, the electrostatic model indicates that d cp is 2.3 times smaller than d ec . Thus, our data contribute additional details about the asymmetry of the bacteriorhodopsin charge distribution.
In conclusion, enough is now known about nanoelectronics and carbon nanotube transistors that we are able to use a nanodevice as an investigative tool. We have used the interaction between a biological system and a nanodevice not to learn about the electronic component, but to learn about the biological component. This represents a significant step in nanotechnology. In addition, the particular nanodevice we have used includes a network of nanotubes. This type of nanodevice is ideal for nanobioelectronics, in that stable nanostructured semiconductors are made available at the scale necessary to interface with biology. The device geometry, with the conducting channel of the transistor in direct contact with the biological system, allows excellent communication between the two components of the complex device. Such direct communication is not possible with conventional transistors where the conducting channel is buried within the structure. In addition, single molecule sensitivity, demonstrated with our devices, 27 allows improved monitoring of the interaction.
We have demonstrated that the nanoelectronic devices continue to function as transistors, that the cell membranes preserve their properties, and that these two component systems interact. As a result, it should be possible to connect living cells directly to these nanoelectronic devices. The devices also operate in a buffer environment, allowing monitoring of certain cell functions by subjecting the cell to different environments. Current technology allows the device size to be reduced to 20 nanometers, significantly smaller than the size of a typical cell area if immobilized onto a surface. Thus, an array of devices would allow the detailed monitoring of a living cell in a buffer. In addition, the electronic devices allow the application of local electric fields, which will likely influence cell functions, opening the way to what could be called "cellectronics", truly functional integration of electronics and biological matter.
